Introduction
============

Vincristine (VCR, [Figure 1A](#f1-ijn-8-1185){ref-type="fig"}), isolated from the leaves of the periwinkle plant *Catharanthus roseus*,[@b1-ijn-8-1185] is a widely used antineoplastic drug in the clinic, especially for pediatric and adult malignancies.[@b2-ijn-8-1185] It is a cell cycle-specific anticancer drug that mainly interferes with mitotic spindle microtubules[@b3-ijn-8-1185]--[@b7-ijn-8-1185] and induces tumor cell apophysis.[@b7-ijn-8-1185]--[@b9-ijn-8-1185] In the past few decades, optimizing the formulation and then improving its anticancer effect has attracted much attention. The investigated formulation includes microemulsions,[@b10-ijn-8-1185] common nanoparticles,[@b11-ijn-8-1185] conventional liposomes,[@b12-ijn-8-1185] sterical liposomes,[@b13-ijn-8-1185] and targeted nanoparticles.[@b14-ijn-8-1185] The clinical applications of the above carriers are largely limited by their complex components and/or complicated production process. Therefore, it is necessary to develop a VCR vehicle with higher anticancer effects. Emulsion is a commonly acceptable formulation that has been used in clinics for years, and microemulsion[@b15-ijn-8-1185]--[@b17-ijn-8-1185] and submicron emulsion^1819^ have been studied extensively. These vehicles can be administered via parenteral,[@b10-ijn-8-1185],[@b20-ijn-8-1185] transdermal,[@b19-ijn-8-1185] and ocular[@b21-ijn-8-1185] routes. Wang et al prepared a micron emulsion to carry VCR,[@b10-ijn-8-1185] which was stable and exhibited greater antitumor effect. However, this formulation contained a special component poly(ethylene glycol)-- distearoyl phosphatidylethanolamine that largely increased the cost of preparation and caused some side effects after repeated administrations, such as accelerated blood clearance.[@b22-ijn-8-1185]--[@b25-ijn-8-1185] What's more, the possible mechanism of the improved anticancer effect was still unclear at the cellular level.

The aim of this study was to prepare a novel and intravenously injectable submicron emulsion drug delivery system loaded with a VCR--oleic acid (OA) ion complex. In order to encapsulate sulfate salt of VCR into emulsion drops, VCR-OA was constructed to improve the lipophilicity, and then VCR-OA was loaded into a submicron emulsion (SME) by the conventional high-pressure homogenization method. After that, the physicochemical characterizations of VCR-OA-SME were analyzed. The in vitro features, including release profile, in vitro anticancer effect, which included growth inhibition, mitosis disturbance, and cell-apoptosis induction, were measured. Its in vivo pharmacokinetic properties and the possible mechanisms of the increasing

Materials and methods
=====================

Materials
---------

VCR was purchased from Guangzhou Hanfang Pharmaceutical (Guangzhou, People's Republic of China). OA was kindly offered by Lipoid (Ludwigshafen, Germany). Soybean phospholipid was provided by Shanghai Tai-Wei Pharmaceutical (Shanghai, People's Republic of China). Solutol HS15 (polyoxyethylene esters of 12-hydroxystearic acid) was generously offered by BASF People's Republic of China (Shanghai, People's Republic of China). Soybean oil was bought from Beiya Medical Oil (Tieling, People's Republic of China). Vitamin C, butylated hydroxyanisole, trypsin, 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenltetrazolium bromide (MTT), and 4′6-diamidino-2-phenylindole (DAPI) were obtained from Sigma-Aldrich (St Louis, MO, USA). A Pierce bicinchoninic acid protein assay kit and an annexin V-fluorescein isothiocyanate (V-FITC) apoptosis kit were bought from Thermo Fisher Scientific (Waltham, MA, USA) and Nanjing KeyGen Biotechnology (Nanjing, People's Republic of China), respectively. All other chemicals were of analytical grade or better.

Tumor cell line and cell culture
--------------------------------

The MCF-7 cell line was provided by Shanghai Institutes for Biological Sciences (Shanghai, People's Republic of China) and cultured in Roswell Park Memorial Institute 1640 medium containing penicillin (100 IU/mL), streptomycin (100 μg/mL), and 10% fetal bovine serum (FuMeng Gene, Shanghai, People's Republic of China). Cells were maintained in a humidified atmosphere containing 5% CO2 at 37°C.

Animals
-------

All healthy male Wistar rats were purchased from the Laboratory Animal Center of Sichuan University (Chengdu, People's Republic of China), and all animal experiments were supervised by the Institutional Animal Care and Ethics Committee of Sichuan University. Each group of five rats was fed in one cage, with free access to standard rat chow and water in well-controlled conditions (25°C ± 1°C, 55% air humidity). The rats were acclimatized for at least 5 days before study use.

Methods of vincristine quantification
-------------------------------------

### Quantification of the in vitro samples

The VCR was quantified by high-performance liquid chromatography (HPLC). Briefly, ethanol was added to disrupt the emulsion, and 20 μL of the resulting transparent solution was injected into an HPLC system (Agilent 1260; Agilent Technologies, Santa Clara, CA, USA). A Kromasil C18 reverse phase column (150 × 4.6 mm, 5 μm; AkzoNobel, Separation Products, Bohus, Sweden) and the mobile phase consisting of acetonitrile and 0.01 M NaH~2~PO~4~ (55/45, V/V pH 7.0, adjusted with triethylamine) were used to separate the targeted component. The samples were eluted by mobile phase at a flow rate of 1.0 mL/minute at 35°C and monitored at 297 nm.

### Quantification of the in vivo samples

The liquid chromatography-mass spectrometry (LC-MS)/MS method was used to trace the VCR amount in the biological samples.[@b26-ijn-8-1185] They consisted of lysed cell suspensions and plasma. These materials were preprocessed by the protein-precipitation method with acetonitrile, and the supernatant was filtrated through 0.22 μm aperture membranes before analysis by LC-MS/MS. The LC-MS/MS system consisted of an Agilent 1200 series rapid resolution liquid chromatography system, which comprised an SL autosampler, SL binary pump, degasser, and an Agilent triple-quadrupole MS. A Diamonsil octadecylsilyl column (50 × 4.6 mm, 1.8 μm; Dikma Technologies, Lake Forest, CA, USA) with a corresponding guard column (octadecylsilyl, 5 μm) was used for separation. Every 3 μL sample was eluted for 2.5 minutes by mobile phase consisting of methanol and aqueous solution (0.01% formic acid 10 mM ammonium acetate) (48/52, v/v) at a flow rate of 0.4 mL/minute at 30°C.

An MS operating condition was established to detect VCR. Triple-quadrupole MS was carried out under positive electrospray ionization and multiple reaction-monitoring mode. Nitrogen was used as a nebulizer gas. The gas flow was 10 mL/minute (350°C) and the pressure was set at 40 psi. Voltages of fragmentor potential and collision energy were 176 eV and 50 eV respectively. Ion recording used the parent ion of VCR at m/z 825.5 and the daughter ion of VCR at m/z 765.4.

Preparation of VCR-OA ion-pair complex
--------------------------------------

VCR sulfate (10 mg) was dissolved in 0.2 mL double-distilled water, to which 0.3 mL of NaHCO3 solution (2.5%) was added. After 15 minutes of vigorous vortex in darkness and extraction twice with 1.5 mL dichloromethane, VCR was collected by removing the organic solution under reduced pressure at room temperature. Finally, the mixture of 15 mg OA and VCR obtained above were mixed in ethanol/dichloromethane (3/1, v/v) under gentle stirring at 30°C for 30 minutes. The VCR-OA ion-pair complex was formed after organic solvent was removed under reduced pressure at 35°C.

Solubility of VCR-OA in water
-----------------------------

VCR-OA was produced according to the method described above, while VCR was obtained by adding excess base to neutralize the sulfate of VCR sulfate and then centrifuging to collect VCR precipitation. Excess amounts of VCR or VCR-OA were dispersed in double-distilled water, and then shaken at 70 rpm at 25°C (Suzhou Pui Ying Experimental Equipment, Suzhou, People's Republic of China). Twenty-four hours later, all samples were centrifuged (18,000 *g*, 15 minutes), and the VCR concentration in the supernatant was determined by HPLC. All the analyses were carried out in triplicate.

Preparation of VCR-OA-SME
-------------------------

VCR-OA-SME was prepared based on the high-pressure homogenization method. Briefly, VCR-OA (equivalent to 10 mg in VCR sulfate), 200 mg soybean lecithin, 200 mg Solutol HS15 and 1600 mg soybean oil were dissolved in an appropriate volume of ethanol, followed by evaporation to remove the organic solvent, and 0.02% butylated hydroxyanisole was added as antioxidant. The resultant mixture served as an oil phase, to which 7 mL of saline containing 5 mg vitamin C was added drop-wise, followed by an aliquot to 10 mL with saline and homogenization (Emulsi Flex-C5; Avestin, ON, Canada) ten times at 10,000 psi. The resulting emulsion was filtered through a membrane (0.45 μm) to obtain the final VCR-OA-SME formulation.

Characterization of VCR-OA-SME
------------------------------

### Size distribution and zeta potential of VCR-OA-SME

The average particle size and zeta potential of VCR-OA-SME were measured by dynamic light-scattering (DLS) and electrophoretic light-scattering technology, respectively, with photon correlation spectroscopy (Nano ZS90; Malvern Instruments, Malvern, UK).

### Transmission electron microscopy

The morphology of VCR-OA-SME was examined by transmission electron microscopy. The sample was stained with 2% (w/v) phosphotungstic acid before being placed on copper grids with films for transmission electron microscopy (H-600; Hitachi, Tokyo, Japan).

### Encapsulation efficiency and drug loading

The encapsulation efficiency and drug loading of VCR-OA-SME were determined by ultrafiltration. In detail, after VCR-OA-SME was prepared as mentioned above, the water phase as well as free drug was separated from the whole system by ultrafiltration (molecular weight cutoff, 30 kDa) at 3075 *g* for 70 minutes. The ultrafiltrate was collected and suitably diluted with ethanol to measure the amount of encapsulated VCR (VCR~e~) by HPLC. In addition, VCR-OA-SME was demulsified with ethanol to determine the amount of total VCR (VCR~t~). The encapsulation efficiency and drug loading of VCR-OA-SME were then calculated by the following equations as:
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In vitro release study of VCR-OA-SME
------------------------------------

The drug release from the submicron emulsion was carried out by dynamic dialysis in phosphate-buffered saline (PBS; pH 7.4).[@b27-ijn-8-1185]--[@b29-ijn-8-1185] The dialysis bags with a molecular weight cutoff of 8000--14,000 Da were used to retain VCR-OA-SME while allowing the free drug to permeate into the release medium. Briefly the dialysis bag, loaded with 1 mL of VCR-OA-SME, was immersed in 4 mL release medium, followed by shaking in a horizontal shaker protected from light (70 rpm, 37°C ± 0.5°C). The released medium was collected at fixed time intervals (0.5, 1, 2, 4, 8, 12, 24, and 48 hours) and replaced with 4 mL of fresh medium. The collected solution was replenished to 5 mL and kept under −80°C till the analysis by HPLC. As a control, the release pattern of VCR sulfate solution was also studied. All the measurements were carried out in triplicate.

Pharmacokinetic study of VCR-OA-SME
-----------------------------------

The healthy adult male Wistar rats, weighing 220 ± 20 g (mean ± standard deviation), were divided randomly into two groups (five rats for each group). At a dose of 1.2 mg/kg equivalent to VCR, group one and two were intravenously injected with VCR sulfate solution and VCR-OA-SME formulation, respectively. At fixed time points, 300 μL of blood was collected from the eye socket into the heparinized tubes. The plasma separated by centrifuge (2000 *g*, 5 minutes) was stored under −80°C until analysis by LC-MS/MS.

In vitro therapeutic effect study
---------------------------------

### In vitro cytotoxicity assay

To compare the in vitro cytotoxicity of free VCR, VCR-OA-SME, and blank SME, an MTT assay was performed on MCF-7 cells. In short, MCF-7 cells in logarithmic growth phase were seeded in 96-well plates at a density of 6000 cells per well in 100 μL culture medium. After 24 hours of attachment, cells were treated with 200 μL culture medium containing different concentrations of free VCR, VCR-OA-SME, and blank SME for another 48 hours at 37°C. Cells exposed to culture medium without VCR served as negative control. Subsequently, the medium was replaced with MTT solution (5 mg/mL), which was followed by 4-hour incubation. Finally, the MTT solution was removed carefully, and 200 μL dimethyl sulfoxide was added to each well to dissolve formazan. After being gently shaken for 15 minutes, the quantity of formazan was measured by microplate reader (Varioskan Flash; Thermo Fisher Scientific) at 570 nm. Cell-survival ratio was calculated according to the following equation:
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### Cell-cycle assay

A propidium iodide (PI) staining assay was used to determine cell-cycle distributions, as described in previous studies.[@b7-ijn-8-1185],[@b30-ijn-8-1185] In brief, MCF-7 cells (3 × 10^5^ cells per well) in logarithmic growth phase were seeded in six-well plates and incubated for 48 hours at 37°C. Then, all media were removed and 2 mL of medium containing different concentrations of free VCR or VCR-OA-SME was added to each well followed by incubation for another 24 hours. Cells exposed to culture medium without VCR served as negative control. Subsequently, the adherent MCF-7 cells were digested and merged with the floating fraction. After being rinsed thrice with PBS, cells were fixed in cold 75% ethanol for 30 minutes at 4°C and washed twice with PBS, after which 0.1 mL Triton X-100 (0.1%, V/V) was added to punch on the cytomembrane. Fifteen minutes later, all cells were incubated with ribonuclease A (20 μg/mL at final concentration) at 37°C for 30 minutes to digest RNA and then stained with PI (20 μg/mL at final concentration) at 4°C for another 30 minutes in darkness. Finally, cell-cycle distribution was measured by flow cytometry (Cytomics FC500; Beckman Coulter, Brea, CA, USA), and the DNA histogram was analyzed with MultiCycle software (Phoenix Flow Systems, San Diego, CA, USA). For each sample, 1 × 10^5^ cells were collected.

### Cell-apoptosis assay

It is reported that cell-apoptosis induction is one side of VCR cytotoxicity^79^ Therefore, the apoptotic induction ability on MCF-7 cells by VCR solution or VCR-OA-SME was measured qualitatively by DAPI (4′6-diamidino-2-phenylindole) staining and quantitatively by annexin V-FITC and PI double-staining assay.[@b7-ijn-8-1185],[@b31-ijn-8-1185]

For DAPI staining, after coincubation with VCR formulations (C~VCR~ = 10 ng/mL) at 37°C for 24 hours, MCF-7 cells (3 × 10^5^ cells per well) were fixed with 4% paraformaldehyde for 15 minutes. Then, DAPI dye solution (2 μg/mL) was added for observation with a fluorescence microscope (XD30-RFL; Sunny Optical Technology, Zhejiang, People's Republic of China). For the annexin V-binding assay, MCF-7 cells in six-well plates (3 × 10^5^ cells per well) were coincubated with VCR formulations (VCR = 10 ng/mL) at 37°C for 24 hours. Then cells floating in the supernatant were combined with the adherent fraction lysed by trypsin (0.25%) and washed thrice with PBS. The cells were incubated with annexin V-FITC and PI for another 15 minutes at room temperature in the darkness according to the instructions, and immediately analyzed by flow cytometry (Cytomics FC500; Beckman Coulter).

In vitro cellular uptake study
------------------------------

In order to explore the mechanism for increased anticancer effect of VCR-OA-SME, an in vitro cellular uptake assay was conducted. This study aimed at comparing the cell-uptake efficiency between free VCR and VCR-OA-SME. Briefly, MCF-7 cells in logarithmic growth phase were seeded in six-well plates at a density of 3 × 10^5^ cells per well in 2 mL of culture medium. Twenty-four hours later, cells were exposed to free VCR and VCR-OA-SME at VCR concentrations of 10 and 20 μg/mL and incubated for another 4 hours. Afterwards, all medium was removed carefully, cells were washed thrice by cold PBS (pH 7.4, 4°C) to stop cell digestion, and free VCR was removed. The cells were trypsinized and collected by washing with PBS and centrifugation (400 *g,* 3 minutes). Subsequently, 0.4 mL ultrapure water was added to each sample to resuspend cells, which was followed by cell lysis in liquid nitrogen (−196°C) and 37°C water bath repeated five times. No intact cells observed under microscope indicated that all cells were fractured and cell content was released. Twenty microliters of the above cell-fragment suspension was used for protein measurement, using the enhanced bicinchoninic acid protein assay kit, and another 300 μL was taken for VCR quantitation by LC-MS/MS. Cell-uptake efficiency was evaluated by the uptake index (UI, ng/mg), which was calculated based on the following equation:
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In order to identify whether the drug uptake by cells was energy-dependent endocytosis, another experiment was conducted. The UI of MCF-7 cells incubated with VCR solution or VCR-OA-SME (C~VCR~ = 10 μg/mL) at 4°C or 37°C for 2 hours was detected and the latter set as the control. Additionally, cells were cultured in medium containing 0.01% sodium azide for 30 minutes before medium with free VCR or VCR-OA-SME was added for another 2 hours' incubation, and then the UI was also assayed.

Statistical analysis
--------------------

All data subjected to statistic analysis were obtained from at least three parallel experiments, and the results were expressed as means ± standard deviation. Student's *t*-test was used for significance analysis, and *P* \< 0.05 was the lowest level of significance to value the difference between two groups.

Results and discussion
======================

Preparation of VCR-OA ion-pair complex
--------------------------------------

The formation of ion pairs has been used to enhance the lipophilicity of ionizable drugs by shielding their charge with an oppositely charged ion instead of chemical modifications.[@b32-ijn-8-1185] For example, Choi and Park prepared a hydrophobic ion pair composed of leuprolide sodium oleate, which increased the lipophilicity of leuprolide and was good for entrapment into microspheres.[@b33-ijn-8-1185] Furthermore, leuprolide-docusate hydrophobic ion pairing was also formed for further sustained-release microparticle preparation.[@b34-ijn-8-1185]

In order to increase the hydrophilicity of VCR and then encapsulate it in a submicron emulsion, hydrophobic ionpair formation was chosen to be the strategy. VCR is a vinca alkaloid in which there are two ionizable tertiary nitrogen atoms ([Figure 1B](#f1-ijn-8-1185){ref-type="fig"}, pKa~1~ = 11.10 ± 0.60, pKa~2~ = 7.90 ± 0.60). After protonation, positively charged VCR can attach to a negatively charged carboxyl group of fatty acid resulting in a VCR ion-pair complex. Since VCR is generally used for parenteral administration, choosing an injection-acceptable ion-pairing agent with low toxicity is very important. OA (pKa = 4.78 ± 0.10) is a kind of biodegradable long-chain fatty acid with high biocompatibility Most importantly, OA is available for clinical parenteral usage.[@b35-ijn-8-1185] In this study, a negatively charged carboxyl group of OA ([Figure 1C](#f1-ijn-8-1185){ref-type="fig"}) attached with the protonized tertiary nitrogen of VCR to form an ion-pair complex, and its long carbon chain could offer the VCR more hydrophobicity.

Normally, the formation of an ion-pair complex usually comes from various coupling forces, such as electrostatic attraction, hydrogen bonding, and hydrophobic interaction.[@b32-ijn-8-1185] Although solvents with low dielectric constant can contribute to ion-pair formation, the interaction among hydrophobic groups within an ion-pair complex can also be formed in aqueous solutions.[@b36-ijn-8-1185] In this study, a mixed solvent composed of dichloromethane and ethanol was used, in which OA was well dispersed and thus the reaction could be facilitated. During the preparation of VCR-OA, excess amounts of NaHCO~3~ and OA were added to VCR solution (molar ratio of VCR:NaHCO~3~:OA was 1:8:5). To avoid the effect of salt on drug dissolution in the lipid phase, the VCR sulfate was neutralized by NaHCO~3~, and then extracted by dichloromethane. The obtained VCR-OA was a light-yellow semisolid substance.

Solubility of VCR-OA in water
-----------------------------

Once VCR-OA formed, the hydrophilicity of VCR was supposed to be changed. As a result, the solubility of VCR and VCR-OA in double-distilled water was 734.7 ± 19.4 μg/mL and 69.0 ± 9.0 μg/mL, respectively. The significant change in solubility of VCR in water demonstrated the formation of an ion pair with OA, which could be favorable for increasing the solubility of VCR in the lipid phase and thus enhancing the entrapment efficiency of VCR in a submicron emulsion.

Preparation and characterization of VCR-OA-SME
----------------------------------------------

In order to prepare VCR-OA-SME, Solutol HS15 was chosen as a nonionic surfactant, which was developed by BASF (Ludwigshafen, Germany) and is listed in European Pharmacopoeia. As a pharmaceutical excipient, it has been approved for clinical parenteral use due to its low toxicity in vivo, such as low hemolytic ability, low histamine release, and high physical tolerance.

The data from DLS showed a narrow distribution of VCR-OA-SME with good homogeneous property ([Figure 2A](#f2-ijn-8-1185){ref-type="fig"}). The average size and polydispersity index were 157.6 ± 12.6 nm and 0.204 ± 0.02, respectively. This size was smaller than conventional emulsion, probably due to the presence of adequate surfactants, which were composed of 2% Solutol HS 15 and 2% soybean lecithin. Meanwhile, the OA can also act as a coemulsifier. The zeta potential of VCR-OA-SME was −26.5 ± 5.0 mV These high values were helpful for the system's stability, due to the electrostatic repelling force among the particles.[@b37-ijn-8-1185] The anionic components in soybean lecithin, such as phosphatidylserine and phosphatidic acid, were mainly responsible for the negative charge on the surface of the emulsion drops.[@b20-ijn-8-1185] Moreover, the negatively charged OA may serve as a contributor for the zeta potential. Transmission electron microscopy imaging of VCR-OA-SME ([Figure 2B](#f2-ijn-8-1185){ref-type="fig"}) showed that the micron emulsion drops were spherical and uniform in size, ranging from 100 to 300 nm, which was consistent with DLS assay. The average encapsulation efficiency and drug loading of VCR-OA-SME were measured as 78.64% ± 3.44% and 0.48% ± 0.02% (n = 3), respectively.

In vitro release of VCR-OA-SME
------------------------------

The dynamic dialysis method was used to evaluate the release behaviors of VCR-OA-SME and VCR solution. As shown in [Figure 3](#f3-ijn-8-1185){ref-type="fig"}, the release rate of VCR-OA-SME was much slower than that of VCR solution, and the release profiles could be divided into two phases, ie, the initial burst-release phase and the sustained-release phase. During the first 8 hours (initial burst-release phase), 63.96% of drug was released from the VCR solution, while 35.01% was from VCR-OA-SME. The lower burst release was more beneficial, since the toxicity of VCR was normally associated with extremely high drug concentration.[@b38-ijn-8-1185]--[@b42-ijn-8-1185] Meanwhile, the higher burst release may cause a higher risk of serious side effects, as well as a lower therapeutic effect. The burst release of VCR-OA-SME may come from the small fraction of drug adsorbed on the surface of the emulsion drops.

Pharmacokinetic study of VCR-OA-SME
-----------------------------------

The plasma concentration--time curves of VCR solution and VCR-OA-SME are shown in [Figure 4](#f4-ijn-8-1185){ref-type="fig"}. From this figure, the blood concentration of VCR solution injection is always lower than the VCR-OA-SME, indicating the slower clearance of VCR-OA-SME than VCR solution, which was further demonstrated by the mean retention time value ([Table 1](#t1-ijn-8-1185){ref-type="table"}). Since VCR is a cell cycle-specific anticancer drug[@b3-ijn-8-1185]--[@b7-ijn-8-1185] whose curative effect is time-dependent, longer mean retention time with appropriate drug concentration may have better anticancer effect.[@b43-ijn-8-1185] The slower release of VCR from VCR-OA-SME may be one of the main reasons for its slower clearance. In addition, the area under the curve value of VCR-OA-SME is higher than that of VCR solution ([Table 1](#t1-ijn-8-1185){ref-type="table"}), indicating that VCR-OA-SME has a higher absolute bioavailability. There is no doubt that slower clearance and higher bioavailability are beneficial for higher drug accumulation in tumors and thus for better therapeutic effect.

In vitro therapeutic effect study
---------------------------------

### In vitro cytotoxicity assay

Cytotoxicity of free VCR, VCR-OA-SME, and blank SME was compared by conducting an MTT assay. As presented in [Figure 5](#f5-ijn-8-1185){ref-type="fig"}, the survival curves of MCF-7 showed a concentration-dependent tendency in the range of 0.1-- 0.5 μg/mL. The cell-survival rate in the VCR-OA-SME group was significantly lower than that in the free VCR group (*P* \< 0.05), demonstrating that VCR-OA-SME showed higher anticancer efficacy than free VCR solution. It is reported that the in vitro cytotoxicity may come from drug property and release profile.[@b44-ijn-8-1185] Firstly, VCR-OA-SME can be endocytosed in an intact form due to its small size and the surface charge. Secondly, VCR-OA has a higher hydrophobicity than free VCR and thus has a better affinity to the cell membrane.

In addition, the cell-survival rate in the blank SME group was close to 100% without correlation with drug concentrations, indicating that the excipients of VCR-OA-SME were a nontoxic formulation that can be well tolerated.

### Cell-cycle assay

Many studies have validated that vinca alkaloids, such as vinblastine, VCR, and vinorelbine, can inhibit microtubule assembly and induce tubulin self-association into coiled spiral aggregates, resulting in cells arrested in the G~2~/M phase, ie, antimitotic effects.[@b3-ijn-8-1185],[@b6-ijn-8-1185],[@b7-ijn-8-1185],[@b45-ijn-8-1185],[@b46-ijn-8-1185]

To estimate the in vitro antimitotic effect of VCR-OA-SME at the cellular level, the effect of VCR solution and VCR-OA-SME on the cell cycle using MCF-7 cells was evaluated, and the results are presented in [Figure 6](#f6-ijn-8-1185){ref-type="fig"}. In contrast with VCR solution, VCR-OA-SME could arrest more cells in the G~2~/M phase (*P* \< 0.001) and fewer cell populations in the G~0~/G~1~ phase (*P* \< 0.01) at 5 and 10 ng/mL, indicating that the mitotic activity was inhibited more by VCR-OA-SME. Furthermore, when VCR concentration was 10 or 20 ng/mL, the cell population in the sub-G~1~ phase in the VCR-OA-SME group was more than that in the VCR solution group (*P* \< 0.001). Since the sub-G~1~ phase is a characteristic hypodiploid DNA content peak indicating apoptotic and necrotic cells,[@b47-ijn-8-1185] more cells in the sub-G~1~ phase in the VCR-OA-SME group mean that VCR-OA-SME could induce more cells to undergo apoptosis.[@b48-ijn-8-1185],[@b49-ijn-8-1185] Although MCF-7 exhibited more cells in the G~2~/M phase for the VCR solution group compared with VCR-OA-SME group at 20 ng/mL, more cells were arrested in the sub-G~1~ phase for the VCR-OA-SME group than in other groups (*P* \< 0.001), which indicated that more cell apoptosis was induced after cell-cycle arrest by VCR-OA-SME.[@b30-ijn-8-1185],[@b50-ijn-8-1185]

### Cell-apoptosis assay

Many previous studies have shown that vinca alkaloids can induce cell apoptosis.[@b7-ijn-8-1185]--[@b9-ijn-8-1185],[@b30-ijn-8-1185],[@b47-ijn-8-1185] As shown in [Figure 7A](#f7-ijn-8-1185){ref-type="fig"}, the morphology of MCF-7 cells significantly changed after VCR treatment. The cells became partly round, and some of them even floated in the culture medium, and this phenomenon was more obvious in VCR-OA-SME group. It is well known that the apoptotic cell nucleus will show many morphologic modifications, such as nuclear pyknosis and condensation, chromatin fragmentation, and formation of apoptotic bodies.[@b51-ijn-8-1185] In [Figure 7B](#f7-ijn-8-1185){ref-type="fig"}, the morphology of the cell nucleus in the control group was maintained with homogeneous chromatin, while the significant chromatin condensation, nuclear fragmentation, or even apoptotic body formation could be found in the VCR-treated groups. It was also found that the nucleus-morphology change was more severe in the VCR-OA-SME group. In addition, these cell-apoptotic extents were quantified. Cells were stained with annexin-V/PI and the percentages of viable (annexin V^−^/PI^−^), early apoptotic (annexin V^+^/PI^−^), late apoptotic or secondary necrotic (annexin V^+^/PI^+^), and necrotic (annexin V^−^/PI^+^) cells were measured by CellQuest (Becton Dickinson) software ([Figure 7C](#f7-ijn-8-1185){ref-type="fig"}). As a result, VCR-OA-SME could induce more cell apoptosis (45.80% ± 5.56%) than free VCR (30.43% ± 4.07%) (*P* \< 0.05) ([Figure 7D](#f7-ijn-8-1185){ref-type="fig"}), which was consistent with the higher cytotoxicity data of VCR-OA-SME.

In vitro cellular uptake study
------------------------------

To investigate the causes of increased antineoplastic effect of VCR-OA-SME, an in vitro cellular uptake assay was conducted on MCF-7 cells. As shown in [Figure 8A](#f8-ijn-8-1185){ref-type="fig"}, more VCR was taken up by cells in the form of VCR-OA-SME at 10 μg/mL (*P* \< 0.01) and 20 μg/mL (*P* \< 0.05) when compared with VCR solution. It was also found that the cell uptake of VCR solution and VCR-OA-SME were concentration-dependent. As presented in [Figure 8B](#f8-ijn-8-1185){ref-type="fig"}, the cell uptake of VCR-OA-SME was significantly restrained at 4°C and in the presence of sodium azide, which is a mitochondrial adenosine triphosphatase inhibitor and can inhibit energy metabolism,[@b52-ijn-8-1185],[@b53-ijn-8-1185] indicating that the cell uptake of VCR-OA-SME was both temperature- and energy-dependent. However, the VCR solution uptake by cells incubated at 4°C became undetectable (UI = 0), whereas the presence of sodium azide existed indicating that the uptake of VCR solution was mainly temperature-dependent. The additional cell-uptake pathway of VCR-OA-SME (the energy-dependent cell uptake) may be also one of the reasons for its higher uptake efficiency and cytotoxicity. According to the previous studies on nanomedicine[@b54-ijn-8-1185] and the characteristics of VCR-OA-SME (such as size and material composition), endocytosis could be the most likely pathway of VCR-OA-SME taken up by cells in the study.

Conclusion
==========

In the present work, the encapsulation of VCR was facilitated by formation of an ion pair with OA, and the prepared VCR-OA-SME had small size and spherical shape. The in vitro release rate of VCR-OA-SME was significantly slower than that of the VCR solution. The in vivo study showed that VCR-OA-SME had a longer mean retention time compared to VCR solution. Furthermore, compared with free VCR, VCR-OA-SME could lead to more cell uptake, arrest more cells in the G~2~/M phase, and induce more apoptosis, and thus showed a higher antineoplastic effect.

In conclusion, VCR-OA-SME has great potential to serve as a potential system for the delivery of VCR with higher antitumor effects. Further study on in vivo anticancer effect is being explored.
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![Chemical structure of vincristine (**A**), ionized vincristine (**B**), and oleic acid (**C**).\
**Note:** Two tertiary nitrogen atoms in the structure of vincristine can be ionized, and one carboxyl group in the structure of oleic acid can be negatively charged under certain circumstances.](ijn-8-1185Fig1){#f1-ijn-8-1185}

![Size distribution of the vincristine--oleic acid ion pair complex-loaded submicron emulsion detected by dynamic light scattering (**A**) and transmission electron microscopy (**B**).\
**Note:** (**B**) Scale bar = 200 nm.](ijn-8-1185Fig2){#f2-ijn-8-1185}

![Cumulative release percentages of vincristine (VCR)--time curves.\
**Notes:** In vitro release of VCR from VCR--oleic acid ion pair complex-loaded submicron emulsion (VCR-OA-SME) was assessed by the dynamic dialysis method, as described in the Materials and methods section. Each value represents the mean ± standard deviation (n = 3).](ijn-8-1185Fig3){#f3-ijn-8-1185}

![Plasma vincristine (VCR) concentration--time curves after intravenous administration of VCR solution or VCR--oleic acid ion pair complex-loaded submicron emulsion (VCR-OA-SME) in Wistar rats at a dosage of 1.2 mg/kg.\
**Note:** Each value represents the mean ± standard deviation (n = 5).](ijn-8-1185Fig4){#f4-ijn-8-1185}

![Cell survival-ratio column diagram of VCR formulations on MCF-7 cells by MTT assay.\
**Notes:** \**P* \< 0.05 compared with VCR solution group. Each value represents the mean ± standard deviation (n = 3).\
**Abbreviations:** VCR-OA-SME, vincristine--oleic acid ion pair complex-loaded submicron emulsion; MTT, 3-(4, 5-dimethyl thiazol-2-yl)-2,5-diphenltetrazolium bromide.](ijn-8-1185Fig5){#f5-ijn-8-1185}

![Flow cytometry analysis of cell cycle for MCF-7 cells exposed to different VCR formulations and concentrations.\
**Notes:** \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. Each value represents the mean ± standard deviation (n = 3).\
**Abbreviation:** VCR-OA-SME, vincristine--oleic acid ion pair complex-loaded submicron emulsion.](ijn-8-1185Fig6){#f6-ijn-8-1185}

![(**A**--**D**) Induction of apoptosis by, vincristine-oleic acid ion pair complex-loaded submicron emulsion (VCR-OA-SME) on MCF-7 cells. (**A**) MCF-7 cell images under microscope after being induced by VCR solution or VCR-OA-SME for 24 hours (C~VCR~ = 10 ng/mL). Scale bar = 200 μm (n = 3). (**B**) DAPI staining of fragmented chromatin or apoptotic bodies in MCF-7 cells after being treated with VCR solution or VCR-OA-SME for 24 hours. Scale bar = 30 μm (n = 3). (**C**) Apoptosis assay conducted by flow cytometry with annexin V-FITC in combination with PI. (**D**) The proportion of apoptosis in MCF-7 cells exposed to VCR solution or VCR-OA-SME for 24 hours analyzed by flow cytometry (C~VCR~ = 10 ng/mL).\
**Notes:** \**P* \< 0.05. Each value represents the mean ± standard deviation (n = 3).\
**Abbreviations:** DAPI, 4′6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; PI, propidium iodide.](ijn-8-1185Fig7){#f7-ijn-8-1185}

![(**A** and **B**) The uptake index (UI) of MCF-7 cells exposed to vincristine (VCR) solution or VCR-oleic acid ion pair complex-loaded submicron emulsion (VCR-OA-SME) under different conditions. (**A**) Cell UI of MCF-7 cells incubated with VCR solution or VCR-OA-SME containing different concentrations of VCR (10 μg/mL and 20 μg/mL) for 4 hours. *\*P* \< 0.05; \*\**P* \< 0.01; *\*\*\*P* \< 0.001 compared with VCR solution group (n = 3). (**B**) Cell UI of MCF-7 cells incubated with VCR solution or VCR-OA-SME (C~VCR~ = 10 μg/mL) for 2 hours in 37°C, 4°C, or pretreated with 0.01% sodium azide for 30 minutes.\
**Notes:** ^\#^*P* \< 0.05; ^\#\#\#^*P* \< 0.001. Each value represents the mean ± standard deviation (n = 3).](ijn-8-1185Fig8){#f8-ijn-8-1185}

###### 

Pharmacokinetic parameters of vincristine (VCR) solution and VCR--oleic acid ion pair complex-loaded submicron emulsion (VCR-OA-SME)

  Parameters                   VCR solution   VCR-OA-SME
  ---------------------------- -------------- -------------------------------------------------------
  AUC (0--*t*) (μg/L/minute)   11417.77       17164.34[\*\*](#tfn2-ijn-8-1185){ref-type="table-fn"}
  AUC (0--∞) (μg/L/minute)     25201.88       36855.95[\*](#tfn1-ijn-8-1185){ref-type="table-fn"}
  MRT (0--*t*) (minutes)       48.13          36.82[\*\*](#tfn2-ijn-8-1185){ref-type="table-fn"}
  MRT (0--∞) (minutes)         187.19         227.56[\*](#tfn1-ijn-8-1185){ref-type="table-fn"}
  *t*~½z~ (minutes)            127.78         182.77
  C~max~ (μg/L)                252.13         533.34[\*\*](#tfn2-ijn-8-1185){ref-type="table-fn"}

**Notes:** \**P* \< 0.05;

\*\**P* \< 0.01 compared with VCR solution group.

**Abbreviations:** AUC, area under the plasma concentration--time curve; MRT, mean retention time; *t*~½z~, elimination half life; C~max~, the maximum VCR concentration in plasma.
